Objectives
The main objective of this work is to identify the root cause of vibration and to recommend general guidelines for abatement of vibration. This is achieved by performing tests to understand the response characteristics under various conditions, by analysis of the response data, and by use of some theoretical considerations. It was decided that this initial study would measure the crystal vibrations of the fully integrated monochromator system. Then, after analysis of the results, a component-by-component study would be performed in the future, as needed.
DeSign Features
The monochromator system studied here consists of three major components: (1) the liquid-gallium pump to provide the coolant flow, (2) the crystal drive mechanism (which provides all the necessary motions) and associated vacuum tank and (3) the crystal assembly. Details of the gallium pump can be obtained in reference [3] . The pump used in these tests was made by Qmax Corporation. It is an electromagnetic pump capable of delivering 4 to 5 gpm of liquid gallium (at temperatures of about 50° C) at pressures of about 100 psi. The liquid gallium is delivered via 0.5 inch teflon tubes with VCR fittings. A bypass valve is available for stopping flow to the crystal while maintaining flow within the pump itself. The crystal drive/vacuum part of the monochromator system used in these tests was built by Kohzu-Seiki, Japan, and will hence be referred to as the Kohzu monochromator. Details can be found in reference [4] . It essentially consists of an in-vacuum rotation stage driven by a DC servo motor that sits outside the vacuum chamber. Vacuum is maintained by the use of magnetic seals. Several other translation and rotation stages are mounted on the main rotation stage in vacuum. These use in-vacuum motors, and thus only electrical feedthroughs are necessary. The crystal sits inside the vacuum chamber and the coolant for the crystal is fed through the shaft of the main rotation. A general view of the setup is shown in figure 1 . For these tests, the vacuum chamber was opened to air for easier access. The details of the crystal used for these tests are shown in figures 2-5. Coolant flows into the metal manifold, up through a silicon plenum (via 3 holes) and fills the plenum distribution slot, then flows across the slots of the silicon top plate. At the other end of the top plate slots, it is collected by the plenum and flows out the other end of the metal manifold.
A general view of the monochromator system is shown in figure 6 . The critical component, the crystal assembly, is shown in figure 7 , and schematic diagrams of the cooling-flow loops from the Kohzu monochromator to the crystal are given in figure 8. The normal operating flow loop is configuration B, shown in figure 8. However, most of the tests were conducted under configuration A because that was the original arrangement when the test facility was made available for this program. For the later experiments, the inlet and outlets were switched to create configuration B. In this report, all tests were conducted under configuration A unless otherwise noted.
Technical Approach
Motions that are important to identification of the root cause of the vibration were measured at selected locations. Seven accelerometers (PCB Model 336B) were used in the tests. Different tests, each with a specific purpose, were performed in the Building 362 high bay laboratory: @ Background Excitation: Without cooling flow and other external excitation, acceleration was measured at various locations. e Natural Frequencies: Important components were tested with a small external impact to excite the natural frequencies.
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~ Pumping Excitation: With the pump running but no flow passing through the system, acceleration at different locations was measured.
@
Flow Excitation: Acceleration at various locations was measured as a function of flow rate, and effects of temperature and pressure were studied.
®
Modifications: With some minor modifications to the system, response at various locations was measured in an attempt to understand the effect of the modifications.
Survey Tests
Acceleration measured from seven accelerometers was recorded by an analyzer and then integrated twice to obtain displacements. The power spectra of both acceleration and displacement from the accelerometers were recorded for analysis. A key piece of information is RMS displacement at all locations. In all tests, the frequency range considered is 4 to 200 Hz; for frequencies of <4 Hz, the displacement-time histories are contaminated with integrator noise.
Background Excitation Floor
Seven accelerometers were placed on the floor along a line about 1 ft west of the supporting table (figure 9). With no excitation, displacement from the seven accelerometers ranged from 0.026 to 0.053 11m, with an average of 0.04 11m. Thus, the background excitation from the ambient floor motion is low and is typical of ambient experiment hall floor motion measured at the APS [5] . Exciting the floor by jumping only a few feet away from the accelerometers increased displacement more than 10 times, ranging from =0.15 11m to 0.75 Jlm. Table   One of the accelerometers was removed and placed on the top of the Kohzu  table at the location Tl, shown in figure 9 , to measure the motion of the table in the vertical direction. Based on an average of the six accelerometers, the RMS floor displacement is 0.036 11m, which is close to the previous measurement of 0.04 Jlffi. The RMS displacement of the table is 0.06 11m. The motion of the table is larger than that of the floor but remains relatively small. Top view of supporting table; TI, T2, and T3 are accelerometer locations Comparing Table 2 with Table 1 shows that the pumping system excites measurably larger motions. Nevertheless, motions of the supporting table and crystal assembly due to pump excitations remain fairly small.
Floor and Kohzu Monochromator

Table Vibration Due to Flow
In this test, liquid gallium was allowed to flow into the crystal (through the Kohzu monochromator). Table response was measured as a function of flow velocity at locations Tl, T2, and T3; results are given in figure 11. In this figure, the response at location C4 (longitudinal motion of the crystal) is also included for comparison. Vibration of the table is essentially independent of flow rate. The excitation provided by the flow is ineffective in exciting the table vibration. On the contrary, longitudinal motion of the crystal increases with flow rate. This is understandable; because the table, including the monochromator, is relatively heavy, the energy of the excitation source is not sufficient to induce large-amplitude motions.
Summary
On the basis of these scoping tests, it may be concluded that:
~ Motions of the crystal assembly due to ambient background noises are fairly small.
~ Vibrations of the crystal assembly due to operation of the gallium pumping system, with the flow bypassing the monochromator, are still fairly small. Note that, in this case, the flow totally bypasses the Kohzu monochromator (and the crystal, which sits inside the Kohzu monochromator ).
@
Response of the supporting table to gallium flow is small and is almost independent of flow rate.
The main excitation source of the crystal assembly is associated with gallium flow.
The subsequent tests were directed to the gallium-flow-induced vibration of the crystal assembly.
6 Flow-Induced Vibration of Crystal Assembly
The three accelerometers at locations Tl, T2, and T3, measuring the motions of the table, were moved to locations Ul, PI, and Bl (see figure 10 ). Tests were performed for both loop configurations A and B, and the accelerometers at these three locations measured the following motions:
Ul: Attached to the support of the second crystal, to measure motion along the transverse directions.
Bl: Attached to the base of the support of the crystal assembly, to measure motion in the longitudinal directions.
PI: Attached to the nut connecting the 90° steel angle and Teflon pipe, to measure motion in the horizontal plane approximately in the southeast (horizontal plane, in a direction between longitudinal and transverse) direction.
Loop Configuration A
Because the gallium loop was initially set up in configuration A, extensive tests were conducted for that configuration. In particular, the following series of tests were performed:
A. Accelerations and displacements were measured by decreasing and increasing flow rate.
B. Accelerometers were exchanged at various locations, and tests were repeated.
C. Liquid-gallium temperature was changed, and similar tests were run. 8 D. Support conditions of the steel-braided Teflon tubes and crystal assembly were modified, and motion was measured again.
Motion was measured as a function of flow rate with increasing and decreasing flow rate. The RMS displacements are given in figure 12 ; note that figures 12a, 12b, and 12c are in linear scale, while figure I2d is in logarithmic scale. Once the flow rate reaches ",,1.6 gpm, the RMS displacements at locations Cl, C2, C3, and C4 increase dramatically. This can be seen more clearly in Fig. 12d ; the slope of the curve to correlate the data from locations CI, C2, C3, and C4 will be much larger than 2. This will become more clear from the results of other tests. If the motion of a system with a fixed condition is induced by flow, the response is expected to be proportional to approximately the second power of the flow rate. Note that there is considerable hysteresis in the system.
Test A.2: General Response
This test is the same as Test A.I with the exception that some of the accelerometers are switched with one another. The results are given in figure 13. It is unclear why the maximum rms displacements differ between Test Al and Test A2. Nevertheless, the general trend of increased vibrations for flow rates greater than 1.6 gpm is the same in both tests.
Test. A3: Modifications
To understand the effect of flow and support structures, a series of tests were performed after some minor modifications were made to the crystal assembly. The following symbols are used to designate the conditions:
MI The outlet portion of the Teflon tube is pushed toward the south (transversely) with a small steel bar to provide additional support. The tests were performed at 2.38 gpm and 50°C. Results are given in Table 3 . The effects of the minor modifications can be determined from Table 3 and are summarized below:
~ Pushing the Teflon outlet tube to one side in the transverse direction tends to reduce all vibrations except that at location PI, which is on the outlet connector. The additional curvature of the Teflon tube tends to increase excitation to the connector. Reduction of crystal motion is due to reduction of motion of the pipe with the additional support.
@
With the supports to both pipes, except at locations Cl and C2, all other responses are smaller than those when pushing the outlet pipe only.
III
With use of the C-clamp, displacements at all locations are reduced relative to displacements under condition N.
At the crystal, displacements at locations C 1, C2, C3, and C4 are significantly reduced when the pipes are supported and the C-clamp is loosely fitted.
These results show that with some minor modifications to the supporting structure of the crystal assembly and Teflon tubes, the crystal vibrations can be changed significantly. Therefore, the supporting conditions of the crystal and the Teflon tubes are the critical elements in modifying the system's characteristics.
Test A.4: Effect of Temperature
Acceleration was measured at a flow rate of 2.23 gpm for two liquid-gallium temperatures, 50° and 57°C (two tests in sequence were performed for 57°C). This test was performed following Test A.3 in time with the condition M2. The results are given in Table 4 . The motions under modification M2 were measured as a function of flow rate; results are given in figure 15. Several interesting characteristics are noticed:
RMS displacements increase monotonically with flow rate at all locations. • Rate of increase with flow rate increases drastically as the flow rate reaches about 1.8 gpm, This flow rate is higher than those shown in figures 12 and 13, where the pipes are not supported by a steel bar.
While the frequency spectra of displacement and acceleration have been considered here, the detailed data are not included in this report. In general, the contributions can be divided into two groups: low frequency «20 Hz) and high frequency (>20 Hz). The high-frequency contributions, >60 Hz, are due to excitation of structural frequencies. RMS displacements of two tests (A. 5 Table 5 were obtained at different times. 
loop Configuration B
In all previous tests, the PZTllocking plate (figure 18) was tightly connected to the support structure to prevent rotation of the crystal assembly. After all tests with loop configuration A were completed, one end of each of the two Teflon tubes connected to the crystal assembly was switched to set up configuration B. Three tests were performed: In all previous tests, the PZTllocking plate was locked (see figure 18) . In this test and in Test B.3, the plate was unlocked. Figure 22 
In all previous tests, the gallium loop was operated under =15 psi of vacuum. In this test, 10 psi of pressure was added to the loop; figure 23 shows the RMS displacements. The effects of the pressure can be seen by comparing figures 22 and 23. Except for the response of the outlet connector at P2, the effects are small.
Assessment of Root Cause and Abatement of Vibration
Based on the test results, the main excitation source is identified as the gallium flow. It is well understood that flowing fluid is a continuing source of energy that can excite structural vibrations [6] . Once gallium is flowing, the crystal assembly and other components will vibrate continuously. There are several excitation mechanisms: • Fluid Transients: Any fluid transient will be transmitted to the crystal assembly and induce vibration.
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Under certain conditions, all of these mechanisms may exist. Without additional detailed tests or data on flow loops, it is difficult to quantify the effects of each detailed mechanism in this system.
The purpose of this study is to identify the excitation source, which we have determined to be the gallium flow. The next step is to provide some guidelines for alleviating this vibration problem. We can achieve this by assessing the experimental data obtained in this study.
Loop Configurations A and B
The RMS displacements with configuration A are larger than those with configuration B. The difference is in the flow path and configuration of the Teflon pipes. In configuration A, the Teflon tubes are hung loosely, while in configuration B, the Teflon tubes have higher tension and less curvature. The centrifugal forces due to gallium flow in configuration B will be lower than those in configuration A.
In configuration A at high flow rate, vibration of the Teflon tubes can be seen clearly. This is likely due to the centrifugal force of the gallium flow in the Teflon tubes. The force per unit length acting on the pipe is proportional to MU2, where M is the mass of gallium inside the pipe and U is the flow velocity. Once the pipe begins to vibrate, additional centrifugal force is induced in the gallium and part of this force is also proportional to MU2. For example, for a straight pipe, there is no centrifugal force; however, once the pipe begins to vibrate, additional fluid forces, M[ (a / at) + U(a / ax)]2 y, are induced, where t is time, x is the axial coordinate of the pipe, and y is the pipe displacement [6] . This force can have several effects: changing the natural frequencies of the pipes, causing instability, and producing nonclassical normal modes. In any case, under configuration A, the tube is much less stable. This is why the motions under configuration A are much larger; in this case, vibration of the Teflon tubes is a main excitation source to the crystal assembly.
Modifications under Configuration B
From the RMS displacements of the two groups (4 to 20 Hz and 20 to 200 Hz) and power spectra of the displacements and accelerations, it can be concluded that: @ The large motions are associated with the low-frequency contribution «20 Hz). For a specific location, when the amplitudes are large, the contribution from the higher frequency range (>20 Hz) can be ignored. 14 @ When the supports to the Teflon tubes and the crystal assembly are modified slightly to improve rigidity, the response is reduced significantly and the low-frequency contribution declines.
• At the support, location B1, motion from the low-frequency contribution is much smaller in general From the test results based on the various modifications in Test A.3, we can conclude that additional supports to the Teflon pipes and supporting plate of the crystal will reduce the response. This means that the supports to the Teflon tubes and crystal assembly can be improved to reduce the vibration amplitudes.
Excitation Mechanisms
It would be useful to determine the excitation mechanisms under various conditions, but this would require a series of detailed studies. At present, however, it is more important to develop a method for eliminating large vibration. Therefore, the key question is why the large motions occur once the flow rate reaches a certain value. Are they due to forced vibration or to dynamic instability? For example, figure 16c shows that when the flow rate is >1.8 gpm, amplitudes are proportional to U 7 . At flows <1.8 gpm, amplitudes are proportional to U2. Therefore, 1.8 gpm can be considered as the critical flow velocity for Test A. 5 . If the system is stable, response should be proportional to U2.
The reason for the instability can be explained. When the flow rate is <1.8 gpm, the system is stable; this means that all supports are adequate. The input/output ratio of gallium energy to the crystal assembly does not vary with flow rate. As soon as the flow rate reaches 1.8 gpm, the system characteristics change such that the input/output ratio of gallium energy to the crystal assembly varies with flow rate. This means more energy is put into the crystal assembly to cause its large oscillations. The possible mechanisms may be: @ Gallium fluid forces acting on the crystal assembly vary with flow rate. As flow rate increases, the support conditions vary with flow rate, and consequently the system characteristics also change. When the system characteristics change, more energy from the gallium flow will be absorbed by the crystal assembly, resulting in large motion. The change in system characteristics is due to the change of boundary conditions because other parts are fairly rigid and supports are loosely connected.
* Gallium flow inside the crystal assembly may cause large structural motion under certain conditions.
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The cause is probably the change of support conditions due to fluid forces. For example, consider the gallium flow passing through the crystal assembly. Assuming that the inlet area is fixed, this means the input energy is constant (proportional, of course, to U 2 ). If the outlet area is allowed to move in a certain way, flow energy output may be lower than that of the input. The lost energy will excite the vibration of the crystal assembly. On the other hand, if the outlet is moving in a different pattern, flow energy may not be absorbed by the crystal assembly and instability will not occur.
Based on these considerations, it is obvious that the critical element is support of the crystal assembly. Due to the lack of support rigidity, fluid forces may cause a change in the support condition as the flow rate increases. Because of this change, the gallium flow is a continuing source of energy that causes significant vibration of the crystal.
Conclusions and Recommendations
The small ambient motions at the crystal assembly, monochromator, and pump always exist. Sources of excitation include ground motion, pumps, gallium flow, and other mechanical sources. Based on this setup, we have identified the main excitation source as the gallium flow. Excitation levels due to other sources are much lower than those of the gallium flow. The most critical elements are the 3-point kinematic crystal mount and the flexible tubes connected to the crystal.
The critical portion is the crystal assembly itself. Its vibration level is higher than that at every other location except the tubes themselves. Because the crystal assembly is the most easily changed component, the vibration can be reduced with proper modifications.
The following general guidelines are recommended in the modification of the system to reduce the vibration level: ~ Increase rigidity of the supporting structure to the crystal assembly.
Many additional tests can be performed to quantify detailed characteristics of the crystal assembly. However, those are not the objectives of this study. At this time, we recommend that modifications to the support of the crystal assembly and Teflon tubes be considered to avoid degrading crystal performance. Once the new support structures are complete, tests can be conducted again to verify that the vibration of the crystal is within the acceptable level specified by APS under normal flow conditions. 10 mm Table and Crystal An accelerometer was placed at each of three locations (Tl, T2, and T3 in figure 9 ) to measure the motion of the table in three orthogonal directions. The remaining accelerometers were placed at the four locations (Cl, C2, C3, and C4) indicated in figure 10. Figures lOa and lOb are photographs taken from the east side (looking downstream) and west side (looking upstream) of the table, respectively. In later tests, the accelerometers were moved to locations Bl, Ul, and either PI or P2. The accelerometers at Cl, C2, C3, and C4 were intended to measure the motions of the crystal:
Tl:
On top of the Kohzu table, to measure the motion in the vertical direction. T2:
On the north edge of the Kohzu table, to measure the motion in the north-south (transverse) direction. T3:
On the west edge of the Kohzu table, to measure the motion in the east-west (along the beam or longitudinal) direction. Cl:
On top of the west side of the crystal, to measure motion in the vertical direction. C2:
On top of the east side of the crystal, to measure motion in the vertical direction. C3:
On the back of the crystal, to measure motion in approximately a horizontal plane in the south and north (transverse) directions. C4:
On the east end of the crystal, to measure motion of the crystal assembly along the east and west (along the beam or longitudinal) directions.
The displacements were recorded for several periods, 8 sec in each period. Values obtained from the seven locations are given in Table 1 . Tests 1 and 2 were performed a few minutes apart, while Tests 3, 4, and 5 were performed the next day.
On the basis of these measurements, we conclude that excitation due to ambient background noise is relatively small. 
Natural Frequencies of Table and Crystal
The natural frequencies of the crystal and supporting table were measured to understand the dominant modes. The frequencies were identified from the power spectra of accelerations resulting from a series of small impacts. From the PSD curves, the dominant modes can be identified. Different impacts were used to excite different modes. The following natural frequencies were identified: Table: Crystal: These are the dominant frequencies that can be identified from the impact tests. The natural frequencies in the other directions for both table and crystal were difficult to excite. Because this test is intended to identify the root cause and not to measure detailed dynamic characteristics of system components, detailed measurements were not performed.
liquid-Gallium Pumping System Excitation
RMS displacements at the seven locations were measured while the pumping system was operating, but with no flow passing through the monochromator. (The pump was in the by-pass mode, thus, the liquid gallium does not even flow into the Kohzu monochromator.) Displacements are given in Table 2 . . . C4 . ..
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